Freezing is a species-typical defensive reaction to conditioned threats. While the neural circuitry of aversive Pavlovian behavior has been extensively studied, less is known about the circuitry underlying more active responses to danger. Here we show that the flow of information between the basal amygdala (BA) and the nucleus accumbens (NAcc) is necessary for signaled active avoidance behavior. Rats trained to avoid shock by shuttling during an auditory conditioned stimulus showed increased expression of the activity-dependent protein c-Fos in the NAcc, specifically the shell subregion (NAccSh). Silencing neural activity in the NAccSh, but not in the adjacent NAcc core, disrupted avoidance behavior. Disconnection of the BA and the NAccSh was just as effective at disrupting avoidance behavior as bilateral NAccSh inactivations, suggesting learned avoidance behavior requires an intact BA-NAccSh circuit. Together, these data highlight an essential role for the amygdalar projection to the ventral striatum in aversively motivated actions.
Introduction
Pavlovian defensive reactions depend on a well characterized amygdalar substrate. The lateral nucleus of the amygdala (LA) receives sensory information about conditioned stimuli (CSs) from its cortical and thalamic inputs. This information is processed through the basal amygdala (BA) and engages central amygdala (CeA) projections to brainstem effector sites. CeA target regions, such as periaqueductal gray, drive freezing and other innate defensive reactions to learned threats (LeDoux et al., 1988; Fanselow, 1994; Maren, 2001; McNally et al., 2011) .
Aversive CSs can also evoke a contrasting class of defensive behaviors, such as escape and avoidance responses, that allow the subject to influence or control the impact of environmental threats (McAllister et al., 1971; Levis, 1989; Cardinal et al., 2002) . Though these CS-evoked actions also rely on both LA and BA, they do not require CeA (Amorapanth et al., 1999; Choi et al., 2010) , indicating that the relevant amygdalar efferents differ as well. The BA projection to the nucleus accumbens (NAcc; Kelley et al., 1982; has been hypothesized as the key output pathway mediating aversively motivated action (Cain and LeDoux, 2008; Elliot, 2008) , though its involvement has never been empirically demonstrated.
The NAcc is an important interface between motivational processing and motor control (Mogenson et al., 1980) . Evidence from the appetitive literature implicates the BA-NAcc projection in the Pavlovian modulation of instrumental action (Di Ciano and Everitt, 2004; Haselgrove et al., 2010; Shiflett et al., 2010; Stuber et al., 2012; Corbit and Balleine, 2005; Ambroggi et al., 2008; Corbit et al., 2001) . Though often considered in the context of reward and positive reinforcement, NAcc neurons also process aversive information, responding to both noxious stimuli and the cues that predict them (Schoenbaum and Setlow, 2003; Roitman et al., 2005) . These data support the hypothesis that NAcc is the target of BA outputs that mediate defensive actions (Cain and LeDoux, 2008; Delgado et al., 2008; Lázaro-Muñoz et al., 2010) .
The experiments reported here tested the role of the BA-NAcc projection in a signaled active avoidance paradigm for rats. As in aversive Pavlovian conditioning, animals learn that a conditioned stimulus (i.e., a tone) predicts an unconditioned stimulus (US; i.e., foot shock). As training proceeds, animals learn to avoid the US by shuttling across a divided chamber during the CS, which terminates the tone and prevents the impending shock. We demonstrate that signaled active avoidance requires the flow of information between BA and the shell region of NAcc (NAccSh), and that this substrate is dissociable from the pathways of Pavlovian reactions, such as freezing.
Materials and Methods
Subjects. Subjects were male Sprague Dawley rats (n ϭ 84; Hilltop Laboratories) weighing ϳ250 -300 g at the time of arrival. Rats were housed individually on a 12 h light/dark cycle (7 A.M.-7 P.M.) and had access to food and water ad libitum. The New York University Animal Care and Use Committee approved all procedures.
Two-way signaled active avoidance apparatus. Rats underwent signaled active avoidance (SigAA) training in six identical Plexiglas and aluminum shuttle boxes [25 (depth) ϫ 50 (width) ϫ 30 (height) cm]. Each was separated into two identical chambers by metal dividers with a small passage that allowed rats to move freely from side to side. The grid floor had 32 stainless steel bars arranged in parallel to the dividers (H10-11R-XX-SF, Coulbourn Instruments). Subjects were presented with a 5 kHz, 70 dB tone CS that signaled a 0.7 mA foot-shock US, which was delivered by a scrambled shocker (H13-15, Coulbourn Instruments). The interior of the shuttle box was dimly illuminated with two small 0.5 W light bulbs. Each shuttle box was inside a larger sound-attenuated cubicle (H10-24A, Coulbourn Instruments). Shuttling, or movement from one chamber to the other, was measured by two infrared arrays made up of five emitterdetector sets on either side of the metal division between chambers. A computer, installed with Graphic State 2 software and connected to the chambers via the Habitest Linc System (Coulbourn Instruments), controlled the presentation of stimuli during behavioral sessions.
Aversive Pavlovian conditioning apparatus. Rats underwent conditioning in identical conditioning chambers (Rat Test Cage, Coulbourn Instruments) constructed of aluminum and Plexiglas walls, with metal stainless steel rod flooring that was attached to a shock generator (H13-15, Coulbourn Instruments). The chambers were lit with a single house light, and each chamber was enclosed within a sound-isolation cubicle (H10-24A, Coulbourn Instruments). Long-term memory (LTM) testing took place within a modified version of the context, with smooth black plastic flooring, mild peppermint scent, and a striped pattern on the Plexiglas door. An infrared digital camera, mounted on top of each chamber, enabled videotaping during behavioral procedures for subsequent behavioral scoring. A computer, installed with Graphic State 2 software and connected to the chambers via the Habitest Linc System (Coulbourn Instruments), controlled the presentation of stimuli during behavioral sessions.
Cannulae implantation procedure. Procedures were similar to those previously described (Sears et al., 2013) . Animals were anesthetized with a mixture of ketamine (75 mg/kg) and xylazine (10 mg/kg) and mounted in a stereotaxic frame (David Kopf Instruments). The skull was exposed and bilateral boreholes were made. Animals were implanted with 26 gauge cannulae targeting the NAccSh, the NAcc core (NAccCo), and/or the BA. Target coordinates were as follows: NAccSh, ϩ1.5 mm anteroposterior (AP), Ϯ1.5 mm mediolateral (ML), Ϫ5.9 mm dorsoventral (DV); NAccCo, ϩ1.5 mm AP, Ϯ1.8 mm ML, Ϫ4.7 mm DV; BA, Ϫ3.3 mm AP, Ϯ5.2 mm ML, Ϫ7.0 mm DV. Cannulae were secured using stainless steel screws and dental acrylic. Rats were allowed 2 weeks recovery time before behavioral training.
Muscimol injections. Muscimol was prepared in artificial CSF, pH 7.4, for brain microinfusions of 100 ng/0.3 l. Infusions were accomplished using 10 l Hamilton syringes (Hamilton) attached to 0.015 ϫ 0.043 ϫ 0.014 inch polyethylene tubing (A-M Systems). Drug was delivered through internal cannulae at a constant rate of 0.1 l/min using an infusion pump (PHD 2000, Harvard Apparatus) . Following infusion, cannulae were left in place for 1 min to allow for drug diffusion. All muscimol injections began ϳ20 min before behavior testing.
Two-way SigAA paradigm. Procedures were similar to those of previous studies by our group (Choi et al., 2010; Moscarello and LeDoux, 2013) . Rats were placed in the shuttle box and given a 5 min acclimation period. On the first day of training, rats received a single unavoidable Pavlovian trial consisting of a 15 s CS followed immediately by a 1 s US (0.7 mA). This was followed by 30 avoidance trials with an average intertrial interval of 2 min. Each trial consisted of a tone CS that lasted Յ15 s. Shuttling during the CS terminated the tone and prevented delivery of the US (avoidance response). If no shuttling occurred during the 15 s CS, the foot-shock US was presented until the rat shuttled (escape response) or for Յ15 s. All sessions subsequent to the first involved 30 avoidance trials without the initial Pavlovian trial. All avoidance studies involved 3 d of training with a test on the fourth day. Animals were removed from a given study if avoidance responses were at Յ20% for the 3 d of SigAA training (Choi et al., 2010) .
The c-Fos study involved four groups, including a master, yoke, box control, and handling control. The master group was trained to avoid the US by shuttling during the CS, as described above. In contrast, each yoke was linked to a master and received the same pattern of stimuli, but was not allowed the behavioral control necessary to acquire the avoidance contingency. The box control group was placed in the chamber for same period of time as the masters and yokes, but received no conditioning. The handling control group was habituated to experimenters, but received no conditioning at any point and thus served as a baseline to which c-Fos quantification could be normalized.
Masters and yokes received three sessions of SigAA training. The fourth session involved 10 unreinforced, unyoked avoidance CSs presented to both groups. This US-free test allowed us to isolate the effects of the avoidance contingency on behavior and neuronal activity. Ninety minutes after the end of this session, animals were deeply anesthetized, perfused with 4% paraformaldehyde, and had their brains removed for immunohistochemistry as described below.
For pharmacological studies (i.e., NAccSh, NAccCo, and BA-NAccSh inactivation experiments), animals received 3 d SigAA training and were then given infusions of muscimol or vehicle 20 min before the fourth session of SigAA. Animals were then given an additional fifth session to re-establish baseline levels of avoidance behavior. For the NAccSh inactivation experiment, the fourth session was recorded on DVD by overhead camera, and CS-evoked freezing was scored off-line. These data were not available for NAccCo and BA-NAccSh studies.
Aversive Pavlovian conditioning. To test the role of NAccSh in the expression of a purely Pavlovian form of memory, we conducted a series of procedures similar to those of previous studies (Sears et al., 2013) . Briefly, animals underwent a habituation session during which they were exposed to the conditioning chamber for 30 min. Twenty-four hours later, animals were threat conditioned. Following a 5 min acclimation period, animals received three CS-US pairings in which the CS was a 15 s presentation of a 5 kHz, 80 dB tone and the US was a standard, 1 s coterminating foot shock (0.7 mA). Following training, animals were returned to the vivarium. Chamber floors, trays, and walls were cleaned with 70% ethanol and dried between sessions. Twenty-four hours following training, animals were infused with muscimol as already described and tested in a separate context (see Apparatus) for expression of LTM, through the presentation of five CSs (Schafe and LeDoux, 2000) . Behavior sessions were recorded and freezing time was quantified off-line. Freezing behavior was scored by a trained rater blinded to treatment conditions. Data were represented as the mean percentage of time freezing during all CS presentations. After these experiments, animals were perfused with 10% formalin and cannulae targeting was histologically verified as described below.
Pavlovian test following SigAA training. To isolate the effects of NAccSh inactivation on Pavlovian reactions (freezing) following avoidance learning, animals underwent three sessions of the two-way SigAA paradigm described above. Twenty-four hours later, animals received muscimol or vehicle infusions into NAccSh before being exposed to 5 CSs (15 s, 5 kHz, 70 dB) in a standard cubical conditioning chamber, identical to that used for the LTM test in the aversive Pavlovian conditioning experiment. Freezing behavior was recorded by overhead cameras and scored off-line.
Histology and immunohistochemistry. For cannula placement, rats were anesthetized with chloral hydrate (150 mg/kg) and transcardially perfused 10% formalin in 0.1 M phosphate buffer (PB), pH 7.4. Tissue was processed as previously described (Sears et al., 2013) . The brains were sectioned into 50 m sections using a microtome. Sections were stained with cresyl violet, mounted, and examined under a light microscope.
Immunohistochemistry procedures were performed as previously described (Moscarello and LeDoux, 2013) , with a few changes. Ninety minutes after SigAA rats were anesthetized with chloral hydrate (150 mg/kg) and perfused transcardially with 4% paraformaldehyde in 0.1 M PB, pH 7.4, brains were removed and postfixed in 4% paraformaldehyde for 24 h. Coronal sections (30 m) were then cut using a vibrating blade microtome (Leica Biosystems). Every fifth section of the NAcc was processed using a floating immunohistochemistry procedure. Sections were washed with PB saline (PBS; 0.01 M), pH 7.4, at room temperature three times for 5 min between all steps. Sections were incubated for 30 min in 1% bovine serum albumin (BSA; Sigma-Aldrich) to block nonspecific binding, and then incubated overnight (ϳ18 h) in rabbit polyclonal antibody directed against c-Fos (Calbiochem, catalog #Ab-5, Research Resource Identifier: AB_2307659) in 1% BSA/PBS containing 0.2% Triton X-100. Sections were incubated for 30 min in biotinylated goat anti-rabbit IgG (Vector Laboratories) in 0.1 M PBS and for 30 min in the avidin-biotin-horseradish peroxidase complex (Vectastain Elite Kit, Vector Laboratories). Staining was visualized using the chromogen substrate, VIP (Very Intense Purple; Vector Laboratories). Sections were then mounted on gelatinized slides, dehydrated, and coverslipped for light microscopy.
High-resolution images were acquired at 2ϫ magnification using an Olympus VS-120 virtual slide system and the NAccSh was delineated using criteria from Paxinos and Watson (2007) . c-Fos was quantified by a trained rater blinded to experimental condition. Bilateral counts were made of c-Fos-positive cells in NAccSh and NAccCo. In all animals, we quantified four sections containing both structures (ranging from ϩ2.28 to ϩ1.00 mm AP). NAccSh and NAccCo counts were then averaged across sections to create the c-Fos score for each structure within a given animal.
Statistical analyses. In the yoked control experiment, daily average avoidance responses during the three sessions of SigAA training, expressed as a percentage of the total possible avoidance responses, were analyzed with a two-way ANOVA with a between-subjects factor of group (master and yoke) and a withinsubjects factor of session (days 1-3 of SigAA). Avoidance and c-Fos data from the US-free test session were analyzed using separate t tests comparing master and yoke groups. In pharmacological studies (NAccSh, NAccCo, and BA-NAccSh inactivation experiments), daily average avoidance responses, also expressed as a percentage, were analyzed with separate twoway ANOVAs. Each of these had a betweensubjects factor of group (muscimol and vehicle for NAccSH and NAccCo experiments; contralateral muscimol, ipsilateral muscimol, and vehicle for BA-NAccSh experiment) and a within-subjects factor of session (days 3-5 of SigAA). We analyzed data from sessions 3-5 of SigAA because they enabled us to compare inactivation to asymptotic levels of avoidance responding both before and after. ANOVAs were followed with t tests performed on data from session 4 of SigAA (i.e., the day of muscimol infusion). In the aversive Pavlovian conditioning experiment, CS freezing at the LTM test, expressed as a percentage of the total possible conditioned response, was analyzed with a two-way ANOVA with a between-subjects factor of group (muscimol or vehicle in NAccSh) and a within-subjects factor of trial (five CS presentations). All data were analyzed and graphed using Graphpad Prism.
Results

NAccSh c-Fos is activated in animals performing SigAA
To determine whether SigAA behavior recruits NAcc, we trained subjects in a yoked control paradigm and then exposed all animals to 10 unreinforced avoidance CSs in an unyoked US-free test. Ninety minutes later, animals were killed and their brains processed for c-Fos immunoreactivity. Avoidance responses from the 3 days of SigAA training were analyzed using a two-way ANOVA with a between-subjects factor of group and a within-subjects factor of session. This analysis revealed a main effect for group (F (2,21) ϭ 133.06, p Ͻ 0.0001), confirming that masters (n ϭ 9) avoided more than yokes (n ϭ 9; Fig. 1A) . We also compared avoidance responses from the US-free test, in which both masters and yokes could inactivate the CS by shuttling. A two-tailed t test revealed that animals in the master group avoided more than yoked controls ( p Ͻ 0.01), demonstrating that masters, but not yokes, acquired the avoidance contingency (Fig. 1B) .
We then examined NAccSh and NAccCo c-Fos levels in master (n ϭ 9), yoke (n ϭ 9), and box control (n ϭ 6) groups. For NAccSh, mean Ϯ SEM c-Fos counts were as follows: master, 311.16 Ϯ 31.94; yoke, 176.40 Ϯ 34.00; box control, 116.32 Ϯ 34.12. One-way ANOVA revealed a significant effect for group (F (2,20) ϭ 10.35, p Ͻ 0.001). Tukey's post hoc tests confirmed that this effect was driven by increased c-Fos in masters relative to yokes ( p Ͻ 0.05) and in masters relative to box controls ( p Ͻ 0.0001), while there was no difference between yokes and box controls (Fig. 1B) . Thus, masters both avoided more and had higher levels of NAccSh c-Fos immunoreactivity at test. Representative photomicrographs illustrate differing densities of c-Fos-positive cells in NAccSh across master, yoke, and box control groups (Fig. 1C-E) .
For NAccCo, the mean Ϯ SEM c-Fos counts were as follows: master, 170.58 Ϯ 35.45; yoke, 118.52 Ϯ 27.42); box control, 76.41 Ϯ 24.63. One-way ANOVA revealed no effect across these groups (data not shown). Thus, NAccCo c-Fos immunoreactivity did not differ significantly between masters and yokes. On the basis of these data, we conclude that successful expression of SigAA behavior selectively recruits NAccSh, but not NAccCo.
Inactivation of NAccSh, but not NAccCo, impairs SigAA expression and has no effect on the expression of Pavlovian conditioning To examine whether NAcc is necessary for the expression of SigAA behavior, animals were prepared with cannulae aimed at NAccSh or the adjacent NAccCo ( Fig. 2A) . In separate experiments, subjects were given three sessions of SigAA training before a fourth session in which we inactivated NAccSh or NAccCo. Subjects were then given an additional fifth session to re-establish baseline levels of avoidance behavior.
For the NAccSh experiment, subjects were divided into muscimol (n ϭ 13) or vehicle (n ϭ 13) groups with 16% of animals (n ϭ 5) excluded for poor performance during training. We analyzed avoidance behavior from the third through the fifth sessions of SigAA using a two-way ANOVA with a between-subjects factor of group and a within-subjects factor of session. This analysis revealed a group ϫ session interaction (F (2,48) ϭ 9.364, p Ͻ 0.001), which t test confirmed was due to a significant decrease in avoidance responses made by the muscimol group on the day of infusion ( p Ͻ 0.0001). Thus, NAccSh inactivation attenuated the expression of avoidance behavior (Fig. 2B) .
Inactivation of NAccSh also caused a complementary increase in escape responses. For each group, the mean Ϯ SEM escape responses were as follows: muscimol, 15.93 Ϯ 2.343 responses; vehicle, 7.714 Ϯ 1.894 responses. Two-tailed t test confirmed a significant increase in muscimol-treated animals ( p ϭ 0.0113). NAccSh inactivation prolonged the latency to escape. The mean Ϯ SEM escape latencies were as follows: muscimol, 1.77 Ϯ 0.243 s; vehicle, 1.07 Ϯ 0.154 s. Two-tailed t test confirmed a significant difference between these groups ( p Ͻ 0.05). Thus, while NAccSh inactivation did not prevent animals from escaping the US, it did slightly prolong the latency to do so.
As a control for any nonspecific motor effects of NAccSh inactivation, we quantified the rate of intertrial shuttling. For each group, the mean Ϯ SEM intertrial shuttling rates were as follows: muscimol, 1.541 Ϯ 0.2012 responses/min; vehicle, 1.498 (Ϯ0.1919) responses/min. Twotailed t test showed no difference between muscimol and vehicle groups. We conclude that NAccSh inactivation strongly impaired the avoidance response and slowed the escape response, and that neither effect is attributable to a gross motor deficit.
To determine whether NAccSh muscimol had a parallel effect on Pavlovian defensive behaviors that occur in SigAA, we measured CS-evoked freezing during the fourth session. A two-tailed t test revealed that inactivation of NAccSh increased freezing relative to vehicle controls ( p Ͻ 0.01), suggesting that inactivation of NAccSh has opposite effects on CSevoked actions and reactions in the SigAA paradigm (Fig. 2B) .
For the NAccCo inactivation experiment, subjects were also divided into muscimol (n ϭ 6) and vehicle (n ϭ 6) groups with 14% of animals (n ϭ 2) excluded for poor performance during training. We analyzed data from the third through the fifth sessions of SigAA with an ANOVA identical to that described above. This analysis revealed no effects, demonstrating that NAccCo is not required for the expression of avoidance behavior (Fig. 2C) .
At test, escape responses were highly comparable between NAccCo muscimol (7.33 Ϯ 0.1815 responses) and vehicle (8.167 Ϯ 3.135 responses); two-tailed t test revealed no difference between groups. Escape latencies were also very similar between NAccCo muscimol (0.8687 Ϯ 0.4809 s) and vehicle (0.6907 Ϯ 0.1393 s); again, two-tailed t test revealed no difference between groups. Finally, the rates of intertrial shuttling were similar for NAccCo muscimol (1.017 Ϯ 0.128 responses/min) and vehicle (0.775 Ϯ 0.182 responses/min); two-tailed t test revealed no difference between groups. We conclude that NAccCo does not contribute to avoidance, escape, or intertrial shuttling in our SigAA paradigm.
Because NAccSh inactivation increased CS-evoked freezing during SigAA, we examined the effects of NAccSh muscimol on the expression of a purely Pavlovian memory. Animals were prepared with cannulae aimed at NAccSh (Fig. 3A) before receiving three CS-US pairings and a test for the expression of CS freezing. Before the test, subjects received either intracranial infusions of muscimol (n ϭ 6) or vehicle (n ϭ 7). CS-freezing data were analyzed using a two-way ANOVA with a between-subjects factor of drug and a within-subjects factor of trial. This analysis revealed no effects, suggesting that NAccSh inactivation had no effect on the expression of conditioned defensive reactions (Fig. 3B) .
We also tested the effects of NAccSh inactivation on the SigAA CS presented in an undivided chamber that did not allow shuttling, enabling us isolate Pavlovian reactions from the avoidance response. Animals were prepared with cannulae aimed at NAccSh (Fig. 3C) . After three sessions of SigAA, animals were infused with muscimol (n ϭ 5) or vehicle (n ϭ 5) and exposed to CSs in a chamber identical to that used for the LTM test in the previous experiment. Freezing data were analyzed using a two-way ANOVA with a between-subjects factor of drug and a within-subjects factor of trial. No significant differences were found (Fig. 3D) . We conclude that NAccSh inactivation enhances freezing in the SigAA context, but has no effect on freezing in tests of strictly Pavlovian memory, suggesting that animals revert to CS-evoked reactions when the substrates of CS-evoked action are disrupted.
Disconnection of NAccSh and BA during SigAA impairs avoidance responding
To test the serial progression of information from BA to NAccSh, we prepared animals with cannulae aimed at both BA and NAccSh to reversibly disconnect these structures during the fourth session of SigAA (Fig. 4 A, C) , as above. Subjects were divided into three groups: contralateral inactivation (i.e., disconnection, n ϭ 9), ipsilateral inactivation (n ϭ 5), and vehicle (consisting of both contralateral and ipsilateral subjects, n ϭ 11) with 14% of animals (n ϭ 4) excluded for poor performance during training. Using a two-way ANOVA with a within-subjects factor of session and a between-subjects factor of group, we analyzed avoidance responses from the third through the fifth sessions of SigAA, as above. This analysis revealed a group ϫ session interaction (F (4,46) ϭ 10.90, p Ͻ 0.0001), which t tests confirmed was driven by a significant decrease in avoidance responses performed by the contralateral inactivation group during the fourth session, relative to both ipsilateral inactivation ( p Ͻ 0.0001) and vehicle ( p Ͻ 0.0001) groups (Fig. 4B) . On the basis of these anatomical and pharmacological data, we conclude that the serial progression of information from BA to NAccSh is required for the expression of avoidance behavior.
At test, disconnection produced a profile of escape responses that complemented the avoidance data. For each group, the mean Ϯ SEM escape responses were as follows: contralateral muscimol, 21.44 Ϯ 1.65 responses; ipsilateral muscimol, 5.8 Ϯ 1.93 responses; vehicle, 4.778 Ϯ 1.281 responses. One-way ANOVA revealed a significant effect for group (F (2,25) ϭ 42.16, p Ͻ 0.0001), which Tukey's post hoc tests confirmed was driven by differences between contralateral and ipsilateral groups ( p Ͻ 0.001), as well as between (Paxinos and Watson, 1998) . B, Following Pavlovian conditioning, muscimol (n ϭ 6) infusion had no effect on CS-elicited freezing relative to vehicle (n ϭ 7) infusions. C, Cannula hits for CS-test experiment. D, When the SigAA CS was tested in a context that did not allow the avoidance response, muscimol (n ϭ 5) infusion had no effect on CS-elicited freezing relative to vehicle (n ϭ 5) infusions. Images for cannula targeting modified from Paxinos and Watson, second edition (1998) . Bars represent ϮSEM. contralateral and vehicle groups ( p Ͻ 0.001), but there was no difference between ipsilateral and vehicle groups. Thus, disconnection impaired avoidance while causing a complementary increase in escapes. However, this was not associated with a significant increase in escape latency. For each group, the mean Ϯ SEM escape latencies were as follows: contralateral muscimol, 1.836 Ϯ 0.35 s; ipsilateral muscimol, 0.65 Ϯ 0.13 s; vehicle, 1.31 Ϯ 0.4408 s. One-way ANOVA revealed no significant difference between groups. Thus, while bilateral NAccSh inactivation had an effect on escape latency, this behavioral measure does not seem to depend on the flow of information from BA to NAccSh.
As a control for any nonspecific motor effects of disconnection, we quantified the rate of intertrial shuttling. For each group, the mean Ϯ SEM rate was as follows: contralateral muscimol, 0.99 Ϯ 0.24 responses/min; ipsilateral muscimol, 1.66 Ϯ 0.33 responses/min; vehicle, 1.32 Ϯ 0.17 responses/min. One-way ANOVA revealed no difference between groups. We conclude that BA/NAccSh disconnection exerted a selective effect on avoidance, without any broad motor impairment.
Discussion
In this report, we demonstrate that defensive actions triggered by an aversive CS depend on a functional circuit including the BA and NAccSh. In an initial c-Fos experiment with a yoked control design, SigAA behavior increased c-Fos expression in the NAccSh of master subjects relative to yokes. In contrast, c-Fos expression in the NAccCo did not differ across groups. Correspondingly, inactivation of NAccSh with muscimol attenuated the output of avoidance behavior, while inactivation of NAccCo had no effect. Asymmetric inactivation of BA and NAccSh decreased the expression of active avoidance, suggesting that a functional connection between the two structures is vital for aversively motivated action. Because BA sends a direct, nonreciprocal projection to NAccSh, we conclude that BA conveys crucial information about the avoidance CS to NAcc, which is a known interface between motivational processing and motor control systems (Mogenson et al., 1980; Cain and LeDoux, 2008; Elliot, 2008) .
The two-factor theory of SigAA holds that avoidance learning occurs in two distinct phases. The first phase is Pavlovian, in which the subject learns that the CS predicts the US, and the second phase is instrumental, in which the subject learns that a particular behavior causes CS termination (Mowrer and Lamoreaux, 1946; Miller, 1948; Cain and LeDoux, 2007) . As SigAA is acquired, the subject transitions from a behavioral profile dominated by Pavlovian reactions (freezing) to CS-evoked actions (avoidance). Our results suggest that the flow of information from BA to NAccSh is most relevant to the latter phase of the two-factor process. While NAccSh inactivation increases CSevoked freezing during an avoidance session, the same treatment has no effect on freezing in a strictly Pavlovian paradigm, or on freezing evoked by the SigAA CS when tested in an environment that does not allow the avoidance response. This suggests that the animal reverts back to Pavlovian reactions when the substrate of avoidance is unavailable.
When considered in the context of the broader literature, our data suggest an intriguing model for how contrasting responses to the CS are processed in the amygdala and beyond (Fig. 4) . The LA is an important site for the storage of CS-US associations (McKernan and Shinnick-Gallagher, 1997; Grace and Rosenkranz, 2002; Tsvetkov et al., 2002; Sah et al., 2003; Maren, 2005; Schafe et al., 2005; Johansen et al., 2011) . CS-evoked firing in LA neurons increases and decreases with the acquisition and extinction of aversive associations (Quirk et al., 1995 (Quirk et al., , 1997 Repa et al., 2001; Goosens et al., 2003) , suggesting that neuronal activity in LA reflects the acquired valence of the CS. LA is required for the expression of both aversive reactions and actions (Muller et al., 1997; Poremba and Gabriel, 1999; Amorapanth et al., 2000) , as both categories of behavior require the predictive information encoded by LA neurons.
BA also plays a role in aversively motivated reactions and actions. Post-training BA lesion, as well as inactivation of BA, attenuates the expression of CS-evoked freezing (AngladaFigueroa and Quirk, 2005; Amano et al., 2011) . BA lesion also impairs active avoidance behavior (Choi et al., 2010; Lázaro-Muñoz et al., 2010) . Both CeA and NAcc receive robust projections from BA (Pitkänen et al., 2000) , suggesting that BA is the point of divergence between the substrates of CS-evoked actions and reactions (Fig. 5) .
From BA, Pavlovian reactions are triggered when CS information is processed through CeA before being disseminated to the brainstem effector sites that produce freezing and other innate responses (LeDoux et al., 1988; Kim et al., 1993) . In contrast, CS information that triggers defensive actions, such as avoidance, moves from BA to NAccSh, possibly via the monosynpatic connection between the two structures. These distinct amygdalar outputs produce mutually exclusive profiles of defensive behavior, and CeA constrains the acquisition of SigAA (Moscarello and LeDoux, 2013) . In animals that fail to acquire the avoidance response, conditioned freezing remains high and avoidance behavior can be rescued by CeA lesions (Choi et al., 2010; Lázaro-Muñoz et al., 2010) . The subject's ability to transition from reactive to active CS-evoked responses suggests a mechanism that toggles between contrasting types of defensive behavior. A previous report from our laboratory demonstrates a role for infralimbic prefrontal cortex (ilPFC; Moscarello and LeDoux, 2013), which can exert feedforward inhibition on CeA and negatively regulate the expression of innate defensive behaviors, such as freezing (Sotres-Bayon and Quirk, 2010) . Future research will examine how the amygdalar substrates of SigAA recruit ilPFC to facilitate defensive action.
NAcc has been characterized as an interface between motivational circuits and the extrapyramidal motor system, allowing biologically salient cues to guide adaptive behavior (Mogenson et al., 1980) . Evidence from the appetitive literature suggests that NAcc performs an important gating function (Pennartz et al., 1994; Taha and Fields, 2006; Ambroggi et al., 2008) . In dissociable cell populations that are innately tuned to encode valence, NAcc firing can be evoked by either appetitive or aversive CSs (Roitman et al., 2005) . Thus, NAcc guides behavior by filtering out irrelevant stimuli so that motivationally salient information can be used to organize action.
NAccSh sends a robust projection to the medial ventral pallidum, which in turn projects to the medial dorsal thalamus Sesack and Grace, 2010) . The ilPFC receives thalamic input from the mediodorsal thalamus and sends projections back to NAccSh (Berendse et al., 1992; O'Donnell et al., 1997) . Thus, NAccSh and ilPFC are part of a broad corticostriatal loop of synaptic connections (Graybiel, 2000) . Such a large-scale network could facilitate various aspects of SigAA behavior. Information about the avoidance contingency could be gated through NAccSh and passed across a disynaptic connection to ilPFC, engaging that structure to suppress the Pavlovian reactions that obstruct SigAA (Moscarello and LeDoux, 2013) . The projection from ilPFC to NAccSh creates a recurrent circuit, across which reverberating patterns of activity could sustain avoidance behavior over time. This arrangement would allow information originating from a small subset of BA neurons to organize the activity of large ensembles across the forebrain. NAccCo, on the other hand, participates in a parallel corticostriatal circuit, involving the prelimbic PFC (O'Donnell et al., 1997; Sesack and Grace, 2010) . Neither inactivation of NAccCo nor lesion of prelimbic PFC (Moscarello and LeDoux, 2013) has an effect on avoidance behavior, indicating that this system does not process information relevant to the two-way SigAA paradigm used in our laboratory. This is consistent with studies that demonstrate a role for NAccSh, but not NAccCo, in conditioned and unconditioned forms of aversion (Reynolds and Berridge, 2002, 2003) .
To summarize, our data demonstrate that the flow of information from BA to NAcc is necessary for the expression of SigAA behavior. These results confirm that dissociable amygdalar outputs govern aversive actions and reactions, as we have previously hypothesized (Cain and LeDoux, 2008) . While innate reactions, such as freezing, are the subject's first line of defense against expected threat, this BA-NAcc pathway is brought on-line when learned contingencies enable the subject to actively manipulate the environment to produce the most adaptive result.
